Introduction
When exposed to various environmental stresses, cells dramatically increase the expression of a characteristic set of proteins, the heat shock proteins (Hsps) . Although the precise functions of most Hsps are not yet fully understood, it is clear that they play essential roles in protecting the cell against the damaging effects of stressful conditions. It has been widely documented that many Hsps act as molecular chaperones (Pelham, 1986; Ellis, 1987) that facilitate the refolding of denatured proteins (Parsell et al., 1994; Nathan et al., 1997; Glover and Lindquist, 1998) and can, for example, clear amyloidlike misfolded protein formations (Chernoff et al., 1995) . Hsps can be upregulated by cellular exposure to a broad range of conditions, including hyperthermia, heavy metal ions, oxidants and amino acid analogues, all of which are known to contribute to protein denaturation and misfolding. Injection of heat-denatured but not native proteins into Xenopus oocytes results in sharp upregulation of Hsps (Ananthan et al., 1986) . It has become the predominant notion that the heat shock induction is, at least in part, a response to the accumulation of denatured and misfolded proteins.
The heat shock response in eukaryotic cells is controlled at the transcriptional level by the ubiquitous heat shock transcription factors (HSFs) that bind to arrays of the 5 bp DNA consensus element nGAAn (heat shock elements, HSEs) in the Hsp gene promoter regions. HSF is encoded by a single gene (HSF1) in yeasts (Sorger and Pelham, 1988; Jakobsen and Pelham, 1991) , whereas three to four different HSFs can co-exist in plant, avian and mammalian cells (Scharf et al., 1990; Rabindran et al., 1991; Nakai and Morimoto, 1993; Hubel et al., 1995) . All HSFs share conserved DNA-binding and trimerization domains but are otherwise quite variable between species. However, examples of functional interchangeability of HSFs from organisms as diverse as yeast, fruit fly and man have been demonstrated (Clos et al., 1993; Liu et al., 1997) . Interestingly, the activation temperature of human HSF was lowered by about 108C in Drosophila cells, whereas the Drosophila HSF was constitutively active in human cells (Clos et al., 1993) . In the fission yeast Schizosaccharomyces pombe and all higher eukaryotes, activation of HSF is a two-stage process. Monomeric HSF with low affinity for DNA is converted into a high-affinity trimer when cells are exposed to heat shock. Conditions sufficient to induce trimerization normally lead to transcriptional competency, but trimerization and transcriptional activation can be separated (Jurivich et al., 1992) . In the budding yeasts Saccharomyces cerevisiae and Kluyveromyces lactis, HSF is constitutively present as DNA-bound trimers and undergoes only the second regulatory step, transcriptional activation, upon heat shock (Sorger et al., 1987; Jakobsen and Pelham, 1988) . The acute heat shock response is transient and attenuates upon prolonged stress or recovery. Genetic observations show that some mutations of Hsp genes in S. cerevisiae can result in increased expression from Hsp gene promoters (Duina et al., 1998) . Biochemical evidence also suggests that some Hsps can physically interact with HSFs (Nadeau et al., 1993; Shi et al., 1998; Zou et al., 1998; Bonner et al., 2000) . This has led to a model according to which the cellular level of Hsps, directly or indirectly, feedback regulates HSF activity. Heat shock, or the exposure to certain other stresses, leads to a depletion of free Hsps in the cell as they become engaged with denatured or misfolded protein substrates. The competitive depletion of Hsps in turn leads to a reprieve of the control over HSF suppression, triggering the heat shock response. Once the denatured substrates are saturated through the dramatic induction of Hsp genes, and the free Hsp levels are replenished, suppression of HSF activity is re-established. This`feedback' model is attractive, as it agrees with the highly diverse set of conditions capable of inducing the heat shock response.
In S. cerevisiae, proteins of the Hsp70 family have been shown to feedback regulate their own gene promoters (Park and Craig, 1989) . However, this regulation is exercised through the promoter elements that are overlapping with, but distinct from, those bound by HSF (Park and Craig, 1989; . It is therefore unclear to what extent the feedback regulation of Hsp genes could account for the control of the heat shock response. Here, we examine the above feedback model using yeast strains expressing Hsps at increased levels. Our findings clearly indicate that the transient activation of HSF upon heat shock is independent of expression levels of Hsp genes. The mechanism responsible for setting the activation temperature for HSF in yeast is capable of recalibration' to match the growth conditions, but it is not influenced by Hsps.
Results
In S. cerevisiae, HSF trimers constitutively bound to HSEs in the heat shock gene promoters support a basal level of transcription that is slightly regulated with growth temperature. When cells are exposed to acute hyperthermia, HSF transiently becomes highly active, resulting in a dramatic upregulation of expression of Hsps. These two modes of transcriptional regulation by HSF are referred to as the sustained and the transient activity respectively (Sorger, 1990) . The transcriptional activity of HSF is thought to result from an interplay between separate activation and deactivation mechanisms (Hoj and Jakobsen, 1994) . This study concentrates solely on transient activation.
Heat shock activation temperature in yeast adjusts with the growth temperature in the same way in wild-type cells and in the KlHSF/S.cerDhsf1 construct It has been demonstrated previously that the heat shock responses in Drosophila and in mammalian cells are the reaction to a change in temperature rather than to an absolute temperature (Abravaya et al., 1991; Sarge et al., 1995) . We sought to establish whether the heat shock activation in yeast follows similar rules. S. cerevisiae Y700 cells bearing an HSE±lacZ reporter plasmid were grown at 188C or 308C, after which the cultures were shifted to different temperatures at 38C intervals. Indeed, although the threshold of the transient activation in cells grown at 188C was between 278C and 308C, it was found to be between 338C and 368C in the yeast cultivated at 308C (data not shown). Virtually indistinguishable profiles were obtained with a model strain (KlHSF/S.cerDhsf1) in which the endogenous S. cerevisiae HSF (ScHSF) had been substituted for the functionally interchangeable K. lactis HSF (KlHSF) expressed from an ARS/CEN plasmid (Fig. 1) . The use of the KlHSF/S.cerD hsf1 construct in this study was prompted by the fact that mutations that influence the sustained activity have been extensively characterized in KlHSF. We conclude that the transient heat shock activation temperature in yeast is adjusted in accordance with the state of physiological adaptation of cells to the environmental changes. It can also be observed that the KlHSF-bearing strain reacts to heat shock in a manner that is indistinguishable from the reaction of the wild-type S. cerevisiae strain.
Increased basal expression of Hsps as a result of a mutation in HSF does not affect the heat shock activation temperature
Conflicting results from studies in mammalian cells suggest that the levels of one or other Hsp either directly control the trimerization/DNA binding of HSF (Zou et al., 1998) or act as transcriptional repressors (Abravaya et al., 1991) . To establish whether increased expression of Hsps could influence the transient activation of HSF, we first compared the heat shock responses in two strains in which the levels of sustained Hsp gene expression are different. At growth temperatures over 158C, the strain KlHSF-R 451 3A/S.cerDhsf1 displays a higher sustained HSF activity from a synthetic indicator construct than does the control strain with the wild-type KlHSF (KlHSF/S. cerDhsf1). This is caused by a single amino acid substitution in a short sequence element, the CE2, that is conserved between the HSFs of S. cerevisiae and K. lactis (Hoj and Jakobsen, 1994) . It is important to note that, although this mutation increases the sustained activity of HSF, it does not affect the maximal levels of the transient activity (Hoj and Jakobsen, 1994) . In Fig. 2A , we demonstrate, using a reverse transcriptase±polymerase chain reaction (RT±PCR) assay, the increased levels of sustained expression from the cognate SSA2, HSC82, HSP82 and HSP104 promoters caused by the R 451 3A mutation compared with those observed in the control. The direct quantification of Hsp levels using conventional Western blotting proved difficult as a result, at least in part, of the existence of highly homologous protein species within several Hsp subfamilies that exhibit different levels of constitutive expression and inducibility. To overcome this difficulty, we used an in vivo tagging approach based on the insertion by homologous recombination of a coding sequence for the haemagglutinin (HA) epitope at the end of the open reading frame (ORF) of a target protein (Jungmann et al., 1999) . This allows the levels of individual proteins to be monitored using a single anti-HA monoclonal antibody. We tested the effect of the HSF mutation on two members of Hsc70/Hsp70 family, SSA2 and SSA4, versus actin as a control (Fig. 2B ). As expected, a moderate increase was observed for SSA2 on the background of its strong constitutive expression, whereas the level of the highly inducible SSA4 increased dramatically in cells bearing R 451 3A HSF. The level of actin was found to decline slightly, which may be explained by the increased proportion of Hsps, bearing in mind that the total protein concentration in the extracts was maintained at the same level. To confirm that the higher Hsp expression has phenotypic consequences, the survival rates of the two strains were measured after severe heat shocks. The cells were grown at 238C, then incubated for either 1 min at 528C (Fig. 2C) or 1, 5 and 15 min at 508C (Fig. 2D) , by diluting 100-fold into preheated medium. On average, the survival rates of the strain KlHSF-R 451 3A/S.cerDhsf1 were about one order of magnitude higher than those of the control strain with the wild-type KlHSF. Clearly, the mutation supports a significantly higher degree of thermotolerance ± a phenotype that is normally acquired through exposure to a milder heat shock before the shift to 50±528C. Thus, the R 451 3A mutation alters a physiological response that is related to the Hsps levels (Sanchez and Lindquist, 1990; Parsell et al., 1993; Lindquist and Kim, 1996) .
If the transient activation of HSF indeed results from the depletion of the pool of free Hsps, the temperature of the heat shock response must be expected to be higher in cells with the elevated sustained expression of Hsps. However, the transient heat shock response in the two strains showed no difference. At 188C, the sustained level of HSF activity caused by the R 451 3A substitution is approximately three times higher than that supported by the wild-type KlHSF (compare the induction temperatures of two strains in Fig. 2E ). At 308C, that activity is about five times higher relative to the control (Fig. 2F) . Despite the KlHSF-R 451 3A/S.cerDhsf1 strain exhibiting, at 188C, a sustained transcriptional activity equal to that observed in the control strain after a heat shock at around 348C, this has no influence on its transient activation temperature, which is approximately 278C in both strains (Fig. 2E) . Similarly, when cultured at 308C, the KlHSF-R 451 3A/S. cerDhsf1 strain supports a sustained activity level that is comparable with the activity in the control strain after the induction at < 378C. However, in both strains, the transient activation temperatures (<338C) are identical (Fig. 2F) .
Overexpression of SSA2 under the TPI promoter does not suppress the heat shock response An increase in overall expression levels of Hsps showed Fig. 1 . Heat shock activation temperature in both the wild-type strain Y700 and KlHSF/S. cerD hsf1 is affected by the growth temperature in the same way. A. Relative b-galactosidase activity (from HSE2±lacZ reporter) in the wild-type Y700 versus KlHSF/S.cerD hsf1 cells grown at 188C, after shifting to different temperatures as indicated. B. As above, but the cells were cultivated at 308C before the shift. The measured activities were normalized against the maximal activity (at 338C) for each strain (taken as 100%).
no effect on the regulation of transient heat shock activation. We then sought to examine whether a dramatic overexpression of an Hsp gene could still be capable of causing such an effect. SSA genes, which encode members of the Hsp70 family of molecular chaperones, provide an example of interdependence in their regulation. Expression of the SSA4 gene is almost undetectable during normal growth but undergoes a dramatic induction 1 and 2) or KlHSF-R 451 3A/S.cerD hsf1cells (lanes 3 and 4) . B. Western blotting analysis of HA-tagged proteins, SSA2 (lanes 1 and 2), SSA4 (lanes 3 and 4) and actin (lanes 5 and 6) in the extracts prepared from KlHSF/S.cerD hsf1 (lanes 1, 3 and 5) or KlHSF-R 451 3A/S.cerD hsf1 cells (lanes 2, 4 and 6). The total protein content in all samples was equalized based on a Coomassie protein assay. C. Relative cell survival from cultures grown at 238C after 1 min exposure to heat shock at 528C. D. Relative cell survival from cultures grown at 238C after exposure to heat shock at 508C as indicated. E and F. b-Galactosidase activity from HSE2±lacZ reporter in KlHSF/S.cerD hsf1 (square symbols) and KlHSF-R 451 3A/S.cerD hsf1 (circular symbols). Activities were determined after growth at 188C (E) or 308C (F) and exposure to heat shock (30 min heat shock, 30 min recovery) at the indicated temperatures. Arrows show the highest temperature at which transient heat shock activation is not observed.
with acute heat shock (Boorstein and Craig (1990) , 1987; Boorstein and Craig, 1990; Unno et al., 1997) . As SSA4 induction seems to depend on the levels of SSA1/SSA2 gene products, the latter proteins, which share 97% of their amino acid sequences (Craig and Jacobsen, 1984) , appear to be likely candidates to be involved in the suppression of HSF activity. To examine this possibility, the SSA2 gene was expressed under the control of the strong constitutive promoter from the triose phosphate isomerase (TPI) gene in the S. cerevisiae strain expressing the wild-type K. lactis HSF (KlHSF/S.cerDhsf1). Levels of SSA2 transcription were confirmed to be greatly increased in the transformed cells (Fig. 3A) . The heat shock response curves of cells overexpressing SSA2 versus the control strain, grown at either 188C or 308C, are shown in Fig. 3B and C respectively. The high level of expression of SSA2 appears to cause a slight increase in the sustained activity of HSF (compare the activities in the two strains at the respective growth temperatures in Fig. 3B and C) . However, no differences in the heat shock activation temperatures were detected between the two strains in the cultures grown at either 188C (Fig. 3B) or 308C (Fig. 3C) . The high level of SSA2 expression is therefore not sufficient to offset the triggering effect on HSF of the heat shock activation temperature.
Discussion
Similar to the situation in mammalian cells, the temperature required for the transient activation of HSF in yeast adjusts in accordance with the conditions. Cells grown at 188C induce a heat shock response at a significantly lower temperature compared with those maintained at 308C. The mechanism that sets the activation threshold appears to work identically for both S. cerevisiae and K. lactis HSFs. The activation temperature would appear to be, at least in part, a function of some adaptations inside the cell, rather than being determined by HSF itself. Perhaps the most obvious candidates to be involved in such regulation are Hsps themselves, and the negative feedback loop invoked has become the prevalent theory for the control of HSF activation. Our experiments have tested this notion and rule out the possibility that Hsps, or genes under the direct control of HSF, are solely or mainly responsible for such feedback. A mutation in HSF that alters its sustained activity leading to a significant increase in the basal expression of Hsps, but does not influence the ability of the molecule to react transiently to an acute heat shock, has no effect on the transient activation temperature (Fig. 2E and F) . This mutation should upregulate all genes under the control of HSF, which was exemplified by three different classes of Hsps: SSA2/SSA4 (Hsp70), Hsc82/Hsp82 and Hsp104 ( Fig. 2A   Fig. 3 . Overexpression of SSA2 does not suppress HSF activation. A. Gel analysis (in duplicate) of quantitative RT±PCR products obtained with SSA2-specific primers on cDNA templates derived from KlHSF/S. cerD hsf1 cells bearing control plasmid without insert (lanes 1 and 2) or the plasmid with the SSA2 gene under the control of a strong constitutive TPI promoter (lanes 3 and 4) . B and C. b-Galactosidase activity in KlHSF/S.cerD hsf1 cells, co-transformed with HSE2±lacZ reporter and the TPI plasmid either without insert (square symbols) or with the SSA2 gene insert (triangular symbols). Activities were determined after growth at 188C (B) or 308C (C) followed by exposure (30 min) at the indicated temperatures and recovery (30 min). Arrows indicate the highest temperatures at which transient heat shock activation is not observed. and B). Moreover, in a different set of experiments, we tested whether the heat shock induction in yeast is suppressed by a massive overexpression of one of the above proteins, the SSA2. The transient activation temperature remained unchanged (Fig. 3) .
In the experiments presented here, we only tested the effect of increased sustained levels of Hsps and not that of decreased levels. It is possible to hypothesize that the elevated expression of Hsps does not influence the transient response, because the normal cellular levels of Hsps are already sufficient for the stress-sensing mechanism. Lowering the levels of all or some Hsps must potentially stress the cell, making such experiments unfeasible. Indeed, underexpression of Hsp90, for example, induces a sustained heat shock response (Duina et al., 1998) . However, as it is expected according to the tested model that the levels of free Hsps are depleted gradually depending on the severity of the stress stimuli, measuring the activity of HSF in cells exposed to different induction temperatures allows the overcoming of this difficulty. It is logical to expect that a higher`starting' level would lead to retarded depletion of Hsps, which, if the feedback model was right, would result in a higher temperature for the acute heat shock response.
Our findings provide an explanation for earlier observations on yeast cells expressing truncated HSF proteins. A potent transactivator domain has been located to the Cterminal portion of S. cerevisiae and K. lactis HSFs (Chen et al., 1993) . The C-terminal activator domain (CTA) is involved in supporting the sustained activity level (Sorger, 1990; Jakobsen and Pelham, 1991) . Cells expressing HSF protein that lack the C-terminal activator domain (HSFDCTA) have lower sustained HSF activity and are unable to grow at high temperatures (< . 358C). However, the truncated HSF retains the ability to support a substantial response to heat shock. If transient activation was triggered by depletion of free Hsps, it would therefore have been expected that cells expressing HSFDCTA would have induced the transient response when growing at higher temperatures, rescuing cell viability.
One can imagine that the significantly increased sustained expression levels could result in the accumulation of misfolded, aggregated or otherwise inactive proteins. In other words, an increase in expression of some proteins might not, at least in theory, lead to the proportional increase in their activity. This is extremely unlikely in the context of our experiments, as Hsps in general are known to be exceptionally stable, being designed by nature to deal specifically with most difficult conditions. A dramatically enhanced thermotolerance of KlHSF-R 451 3A/S.cerDhsf1 cells versus the control strain ( Fig. 2C and D) provides indirect evidence in support of this notion. Dilution of a cofactor or the disruption of normal cellular mechanisms in some other ways can potentially be a problem during the overexpression of some proteins. However, in most of our experiments (except those describing overexpression of SSA2 under the TPI promoter), the levels of expression of Hsps were well within the range of physiological response (roughly one-third of the levels seen during the acute heat shock). One can hypothesize further that an increased expression of some Hsp(s) could still fail to result in the proportional increase in its activity, as the latter can be modulated through a separate mechanism. Although such a possibility cannot be totally excluded, this will mean that the simple negative feedback loop does not hold for the regulatory mechanism we were examining.
The conclusion that there is no link between the levels of Hsps and transient activation of HSF conflicts with the conclusions of another recent study (Duina et al., 1998) . S. cerevisiae has two Hsp90 genes, HSC82 and HSP82. HSC82 is constitutively expressed, whereas HSP82 exhibits tight heat shock regulation. The simultaneous deletion of both genes is lethal to the cell. In a Dhsc82Dhsp82 background, cells carrying hsp82 G170D , a temperature-sensitive allele of HSP82, exhibit growth arrest at 348C and die after a few hours' incubation (Nathan and Lindquist, 1995; Nathan et al., 1997) . The observation that an HSE2-LacZ reporter was activated in a D hsc82Dhsp82hsp82 G170D strain at 348C was taken as evidence that Hsp82 negatively regulates HSF (Duina et al., 1998) . However, it is easy to assume that Hsp82 G170D mutant protein denatures under the heat shock conditions, causing cell death. Clearly, transfer to 348C must constitute a severe stress to Dhsc82Dhsp82hsp82 G170D cells, and it is perhaps not surprising that the reporter construct activates at this temperature. If Hsp82 was responsible for the negative feedback regulation of HSF, increased expression of Hsp82 would be expected to suppress HSF activation. However, this does not happen (Fig. 2) . Our results are in agreement with the findings of another group showing that overexpression of Hsp82 from a high-copy-number vector did not suppress heat shock induction of Hsp104, Hsp70, Hsp35 or Hsp26 and had little effect on thermotolerance (Cheng et al., 1992) . Specific repression of HSF1 by Hsp90 and the formation of reversible stress-sensitive complexes between the two proteins have been observed in vitro using human HeLa cell extracts (Zou et al., 1998) . However, the authors were uncertain whether the inhibitory effect was caused by Hsp90 directly or was a result of the formation of more complex multiprotein associations. The use of trimerization/DNA-binding assay rather than measuring the transcriptional potency of HSF makes these results inapplicable to the yeast system in which HSF is constitutively DNA bound.
Whether the heat shock activation temperature is controlled by the HSF molecule itself (e.g. through some gradual temperature-inducible changes in its conformation) or is dependent on some unknown pathway(s) that signals the physiological state of the cell to HSF remains an open question. Such signals may comprise covalent modifications of HSF, as well as various interactions with some repressors and/or activators. Phosphorylation was found to play a role in the control of HSF on the stage of either activation (Chu et al., 1996) or deactivation (Hoj and Jakobsen, 1994) . Despite several proteins having been implicated in interactions with HSF (Reindl and Schoeffl, 1998; Satyal et al., 1998; Scharf et al., 1998; Stephanou et al., 1999) , very little is known about the mechanism and primary source of the cellular signals controlling the induction of heat shock response. Recently (Bonner et al., 2000) , an ATP± dependent interaction was reported between the yeast HSF and SSB1/2p protein, members of the Hsp70/Hsc70 family, which was found to have some moderate effect on HSF activity. However, SSB1/2p itself is not regulated by heat shock. One possibility is that, as is generally believed, the signals regulating HSF might arise from the accumulation of misfolded and denatured proteins. Alternatively, some totally different mechanisms have been proposed, ranging from temperature-dependent changes in the physical state of cellular membranes (Horvath et al., 1998) to the stress-induced accumulation of superoxide (Bonner et al., 2000) . In any case, our results presented here exclude the possibility that a principal role in the control of heat shock activation is played directly by Hsps. This, however, does not contradict the notion that Hsps, e.g. Hsp90 and the components of the`multichaperone complexes', could participate in suppressing HSF activity after the heat shock response (i.e. through the deactivation mechanism) (Rabindran et al., 1994; Bharadwaj et al., 1999) . Whether this is the case or not, the regulatory loop model of Hsps controlling HSF activity cannot account for the transient activation of HSF upon acute heat shock.
Experimental procedures
Yeast strains and plasmids S. cerevisiae wild-type strain Y700 (MATa , trp1, ura3, , transformed with a URA3 plasmid containing a synthetic heat shock element± lacZ reporter gene, pH2G0 (Jakobsen and Pelham, 1988) , was used to determine the effect of growth temperature on the transient activation temperature of the endogenous S. cerevisiae HSF (ScHSF) (Fig. 1) . In all other experiments (Figs 1±3), the coding sequences of K. lactis HSF (KlHSF) or its R 451 3A mutant (KlHSF-R 451 3A) were expressed downstream of a 782 bp fragment from the S. cerevisiae HSF gene promoter as described previously (Jakobsen and Pelham, 1991; Hoj and Jakobsen, 1994) . The KlHSFexpressing genes were maintained on ARS/CEN plasmids with HIS3 as the selectable marker (derived from pRS313; Sikorski and Hieter, 1989) in a haploid S. cerevisiae strain BJ100 (MATa , ade2-1, his3-11, -15, leu2-3, -112, trp1, ura3 , can1-100, HSFD ::TRP1), a derivative of W303 (Shore and Nasmyth, 1987) carrying a chromosomal HSFD::TRP1 disruption and expressing ScHSF from a vector maintained with URA3 as the selectable marker (Jakobsen and Pelham, 1991) . ScHSF expression was then eliminated from the strains transformed with either of the KlHSF plasmids by two rounds of counterselection on plates containing 1 mg ml 21 5-fluoro-orotic acid (Boeke et al., 1987) . The resulting ura3 cells (KlHSF/S.cerDhsf1 or KlHSF-R 451 3A/S.cerD hsf1 respectively) were transformed with the URA3 plasmid, pH2G0, containing the synthetic heat shock element±lacZ reporter gene (Jakobsen and Pelham, 1988) . The SSA2 structural gene was obtained by PCR using S. cerevisiae genomic DNA as template and the following primers: 5 H -GGGGGGGGGGG ATCCATGTCTAAAGCTGTCGGTATTGATTTAGG23
H (coding) and 5
H -GGGGGGGGGCTCGAGAAGCTTAATCAACTT CTTCGACAGTTGG-3 H (non-coding). The PCR product corresponding to the SSA2 gene was inserted using the unique BamHI and XhoI sites into a derivative, pBP13, of the pYX242 plasmid (2m, LEU2; R and D Systems) downstream of the triose phosphate isomerase (TPI) promoter, generating plasmid pBP13SSA2 (the SSA2 insert and junctions were verified by DNA sequencing). Cells were transformed using a lithium acetate procedure (Agatep et al., 1988) .
Heat shock induction
Cells were grown in the appropriate selective media to an OD 600 of < 0.4. Aliquots of the culture were then incubated at the indicated temperatures for 30 min (15, 45 or 90 min, respectively, for experiments in Fig. 3B and C) followed by 30 min recovery at the initial growth temperature. A control aliquot from the same original culture was maintained at the growth temperature for 60 min for the determination of reference activity.
Permeabilized cell ONPG assay for b-galactosidase activity Cells were pelleted at 3500 g for 3 min in a microcentrifuge and resuspended in 1 ml of assay buffer (82 mM Na 2 HPO 4 , 18 mM Na 2 HPO 4 , 1 mM MgCl 2 ). Aliquots of 20 ml of 0.1% SDS and 20 ml of chloroform were added, and the samples were vortexed briefly, then incubated at the growth temperature for 5 min to allow permeabilization of the cells. ONPG solution (200 ml, 4 mg ml 21 ) was added, and incubation was allowed to proceed until a pale yellow colour developed (OD 420 of 0.1±0.4 corresponding to the linear assay range) before the reaction was stopped by adding 450 ml of 1 M Na 2 CO 3 . OD 420 in the supernatant was measured after cells were spun at 10 000 g for 5 min in a microcentrifuge. bGalactosidase activity (units) was calculated as: OD 420 / OD 600 Â volume Â time.
Overexpression of SSA2
The strains used for examining the effect of overexpression of SSA2 were constructed by co-transformation of the BJ100/
